We present a search for a massive quark (t ′ ) decaying to W q and thus mimicking the top quark decay signature in data collected by the CDF II detector corresponding to 2.8 fb −1 . We use the reconstructed mass of the t ′ quark and the scalar sum of the transverse energies in the event to discriminate possible new physics from Standard Model processes, and set limits on a standard 4th generation t ′ quark.
Introduction
In this study we investigate whether present data from the CDF detector allow or preclude the production of a hypothetical new quark which decays to a final state with a high-p T lepton, large / E T , and multiple hadronic jets having large total transverse energy E T thus mimicking top quark pair event signatures. We refer to the hypothetical new quark as t ′ for brevity, although such a signature could be a standard fourthgeneration up-type heavy quark or any up-type quark. A number of theoretical models advocate a fourth chiral generation of massive fermions with the same quantum numbers as ordinary ones [1, 2, 3, 4, 5] . Precision measurements from LEP exclude a light fourth neutrino ν 4 with mass m(ν 4 ) < m Z /2, where m Z is the mass of the Z boson. A fourth generation neutrino cannot be too heavy due to sizeable radiative corections. Despite this, reasonable constructions of a fourth generation exist that remain viable [6] . In many theoretical models the addition of a fourth generation relaxes present bounds on the Higgs. In addition frequently a small mass splitting between new heavy quarks t ′ and b ′ is preferred, such that m(b ′ )+m(W ) > m(t ′ ) and t ′ decays predominantly to W q (a W boson and a down-type quark q = d, s, b) [7] . For the purposes of this analysis we assume that the new quark is pair-produced strongly, has mass greater than the top quark, and decays promptly to W q final states. The data we use in the analysis corresponds to 2.8 fb −1 of integrated luminosity collected at the Fermilab Tevatron in pp collisions at √ s = 1.96 TeV.
Event Selection
The CDF II detector is described in detail in Ref. [8] . We can parameterize coordinates in the detector using the azimuthal angle φ and the pseudorapidity η = − ln[tan(θ/2)], where θ is the polar angle measured from the proton beam direction. The transverse energy E T is defined as E sin θ, where E is the energy deposited in a calorimeter cluster. The transverse momentum p T of a track is the component of the track momentum transverse to the beam-line. The missing transeverse energy / E T is the magnitude of the vector defined as -
T is the transverse component of the unit vector pointing from the interaction point to the calorimeter tower i. This is corected for the p T of muons, which do not deposit all of their energy in the calorimeter, and tracks which point to uninstrumented regions in the calorimeter.
Highly energetic quarks (such as the down-type quark produced in the hypothesized t ′ decay) undergo fragmentation that results in jets of hadronic particles. Jet candidates are reconstructed using the calorimeter towers with corrections to improve the accuracy of the energy estimation and are required to have / E T > 15 GeV and |η| < 2.5.
Candidate events for this t ′ search are required to have exactly one isolated electron or muon with p T ≥ 20 GeV/c, / E T ≥ 35 GeV, at least four jets with E T ≥ 20 GeV.
To reduce the contribution of the QCD background we also require a lead jet with E T ≥ 60 GeV and two cuts one in the ∆φ between the corrected / E T and the lepton vs / E T plane (requiring ∆φ ≥ A 1 − (1/B 1 ) / E T where A 1 = 4.408; B 1 = 6.11) and one in the ∆φ between / E T and lead jet vs / E T plane (requiring ∆φ ≥ A 2 − (1/B 2 ) / E T where A 2 = 1.888; B 2 = 21.6). The dominant contributing backgrounds after this event selection are from electroweak process as well as tt pair production. Electroweak processes are dominated by W + jets. For the tt background we use Monte Carlo (MC) generated using an assumed top quark mass of 175 GeV. The QCD background is modeled using a sample of data where the lepton ID cuts have been reversed. Other backgrounds (including Z+jets, W W +jets, W Z+jets and single top events) have a smaller rate than W + jets and in addition have been found to have similar kinematic distributions to W + jes and so are modeled as one background using the W + jets model.
Search Technique
We utilize the fact that in our regime of interest the t ′ decay chain is identical to that of the top quark to reconstruct the t ′ mass in the same way as is done in the top quark mass measurement analyses. We use the template method for top quark mass reconstruction [9] based on the best χ 2 -fit to the kinematic properties of the final top (or t ′ ) decay products. The χ 2 is given by the following expression:
where the invariant masses of the W decay products m jj and m ℓν are constrained to the pole mass of the W boson, and the masses of top and anti-top (t ′ and t ′ ) quarks are required to be same. The jet and lepton energies as well as the unclustered energy (U E) are allowed to float within their resolution uncertainties. The transverse component of the neutrino momentum is determined as the negative sum of the lepton, jet and unclustered transverse energies:
For each event there are total 4!/2 = 12 combinations of assigning 4 jets to partons. In addition, there are two solutions to account for the unknown z-component of the neutrino momentum. After minimization of the χ 2 expression, the combination with the lowest χ 2 is selected and the value of m t is declared to be the reconstructed mass M reco of top (or t ′ ). We use the observed distributions of the M reco and total transverse energy in the event
to distinguish the t ′ signal from the backgrounds by fitting it to a combination of t ′ signal, top, electroweak background, and QCD background shapes.
We use a binned in H T and M reco likelihood fit to extract the t ′ signal and/or set an upper limit on its production rate. We chose to use bins of 25 GeV in both H T and M r eco with H T in 26 bins from 150 to 800 GeV and M r eco in 16 bins from 100 to 500 GeV. The likelihood is defined as the product of the Poisson probabilities for observing n i events in 2D bin i of (H T , M reco ):
The expected number of events in each bin, µ i , is given by the sum over all sources, indexed by j
Here L j is the integrated luminosity, σ j is the cross section, and ǫ ij is the efficiency per bin of (H T , M reco ).
We calculate the likelihood as a function of the t ′ cross section, and use Bayes' Theorem to convert it into a posterior density in σ t ′ . We can then use this posterior density to set an upper limit on (or if we get lucky, measure) the production rate of t ′ . The production rate for W +jets is a free parameter in the fit. Other parameters are related to systematic errors and treated in the likelihood as nuisance parameters constrained within their expected (normal) distributions.
We adopt the profiling method [10] for dealing with these parameters, i.e. the likelihood is maximized with respect to the nuisance parameters. Taking this into account the likelihood takes the following expression:
where ν k are the nuisance parameters, such as σ tt , L j and etc.ν k are their central nominal values and σ ν k are their uncertainties. G is a Gaussian function centered atν k of width σ ν k .
Systematic Errors
The sensitivity to t ′ depends on knowing accurately the distribution of (H T , M reco ) in data. We consider several sources of uncertainty including the jet energy scale, W +jets Q 2 Scale, initial and final state radiation (ISR and FSR), Parton Distrubiton Function (PDF) uncertaintity and others.
Jet Energy Scale
The sensitivity to t ′ depends on knowing accurately the distribution of (H T , M reco ) in data. One of the largest sources of uncertainty comes from a factor that has a large effect on the shape of the kinematic distribution, the jet energy scale. Jets in the data and MC are corrected for various effects as described in [11] , leaving some residual uncertainty.
This uncertainty results in possible shifts in the H T and M reco distributions for both new physics and standard model templates. We take this effect into account by generating templates with energies of all jets shifted upwards by one standard deviation (+1 templates) and downwards (-1 templates) respectively.
We then use a template morphing technique that was developed in 2005 for a previous version of this analysis. We interpolate and extrapolate the expectation value µ i at each bin i as follows:
where µ 0,i is the nominal expectation value, µ −1,i and µ +1,i are the expectation values from (-1) and (+1) templates respectively,andν JES is the nuisance parameter representing the relative shift in jet energy scale:
It enters the likelihood (4) as a Gaussian constraint penalty term:
W +jets Q 2 Scale
The effect of the choice of the appropriate Q 2 scale for W +jets production is evaluated by measuring the resulting change in the measured t ′ cross section given that t ′ exists. The Q 2 scale is varied to 2Q nominal the expected change in the measured cross section is then interpreted as the uncertainty on the t ′ cross section itself. We measure this shift as a function of the t ′ cross-section by drawing pseudoexperiments from shifted templates and fitting them to the nominal distribution. The resulting shift is fitted to a linear function of that t ′ cross-section and is incorporated into the likelihood as an additive parameter to the t ′ cross section, so that the t ′ contribution to the expectation value µ i (4) in bin i becomes
where ν Q 2 is constrained by a gaussian with a width, that is a half of the largest of the upwards or downwards shifts for each mass of the t ′ . The Q 2 systematic uncertainty for the different t ′ masses are shown in Table I .
ISR and FSR
We varied the amount of initial-and final-state radiation together, i.e. shifting both up or both down. We generated samples with more ISR and FSR as well as some with less ISR and FSR. We refer to these samples as IFSR more and IFSR less. We generated samples for t ′ with masses of 250, 300 and 350 GeV which brackets the region where we expect to be able to place our exclusion limit.
The resulting effect is treated in a similar way to the Q 2 systematic. set to be the same for top and t ′ . We then fit the obtained cross-section shift using a linear function of the t ′ cross-section. The resulting shifts are shown in Table II . We add the resulting shifts in quadrature with the Q 2 error in the likelihood. 
QCD Background
The QCD background shape is modeled from a sample of data in which the electron cuts have been reversed. The QCD normalization is obtained by fitting the background (electroweak, top, and QCD) distrubtions to the data with the missing E T cut removed and then computing how much remains after all cuts are applied. As most of the QCD is expected to be found at low missing E T .
We investigated using leptons that fail the isolation requirements to model our QCD background. This gave an excellent description of the jet E T spectra but a very poor description of the lepton p T distributions, which were much steeper in this model than expected from the data. On the other hand the sample requiring the opposite of the electron cuts seems to give a reasonable description of most of the data kinematic distributions but has only very limited statistics; this means that the QCD templates need to be scaled up. Cutting very hard on the leading jet E T removes most of the QCD background which makes our fit rather insensitive to the QCD modeling. The relative normalization uncertainty is taken to be 50%, due to our lack of confidence in our model and normalization method. With our QCD veto cuts it turns out to change the fit by a negligible amount whether we constrain QCD or let it float. The uncertainty is represented by a Gaussian-constrained parameter in the likelihood. The QCD background has a negligible effect on the t ′ limit.
Integrated Luminosity
The integrated luminosity uncertainty is taken to be 5.9%, and is represented by an additional gaussianconstrained parameter multiplying all contributions except for the QCD background, which is normalized from data.
Lepton ID
We have two components for lepton ID. First is the efficiencies for the individual electrons and muons. We multiply each lepton type by the associated efficiency and gaussian constrain it within the error on the efficiency.
Second is the uncertainty on the lepton ID efficiency data/MC scale factor, which is of 2%, and taken as correlated across lepton types since it is due to the presences of multiple jets in an event. We add it in quadrature with the luminosity error, which is also correlated across lepton types, and include it with a gaussian constraint into the likelihood.
PDF Uncertainty
The PDFs are not precisely known, and this uncertainty leads to a corresponding uncertainty in the predicted cross sections, as well as the acceptance.
This effect is evaluated on both the top and the t' MC samples. The method consists in re-weighting the existing MC samples by the relative PDF weights given the parton momentum fractions (x 1 , x 2 ) and Q 2 of the generated interaction.
46 eigenvectors are considered. We look at the difference between pairs of the CTEQ6M PDFs and add up these in quadrature. We then consider the difference between the two MRST72 and CTEQ5L PDF sets. If this is smaller than the 20 PDF sets uncertainty, we drop it. If it is larger, we add it in quadrature. To investigate the effect of α s we look at the difference between the MRST72 and MRST75 PDF sets and add this in quadrature to the above errors.
The final PDF uncertaintes are given for each t ′ mass point as well as for top in Table III . A common conservative systematic error is added in quadrature to all other multiplicative factors and it taken as 1.1% for all templates. Table III PDF uncertainty on top and t ′ calculated by reweighting the events according to the probability (given the various PDFs) of finding an up and down quark with appropriate momentum fractions.
Theory Uncertainty
The theory uncertainty in the t ′ cross section is about 10% (see Table IV ), which is mainly due to uncertainty in PDFs (∼ 7%). The other effect comes from uncertainty in the choice of the Q 2 scale [12] .
We take the theory uncertainty in tt cross section fully correlated with the one of t ′t′ , and introduce it into the likelihood as a single nuisance parameter:
Results and Conclusion
We tested the sensitivity of our method by drawing pseudoexperiments from standard model distributions, i.e. assuming no t ′ contribution. The ranges of the expected 95% CL upper limits with one and two standard deviation bandwidth are shown in Figure 1 . The purple curve is the theoretical prediction [12, 13] Table IV . The lower σ min and upper σ max limits are obtained using the CTEQ6M family of parton density functions with uncertainties, together with the study of the scale uncertainty [14] . From Figure 1 it follows that given no t presence, this method is on average sensitive to setting an upper limit at 311 GeV t ′ mass. The red curve in Figure 1 shows the final result expressed as a 95% CL upper limit on the t ′ production rate as a function of t ′ mass. To determine if the data show any evidence of an excess in the tails of H T and M reco , we decided a priori to count the number of events in groups of n × n of our standard 25 GeV bins in these quantties, and compare with the number predicted from a zero-signal fit to the full two dimensional spectrum. For each n × n bin one can then calculate the p-value for having observed that number or greater, given the prediction. If a significant effect is observed, one can calculate an overall p-value which is the probability that one would observe a p-value at least as significant as the most significant n × n bin or greater; this takes into account both the trials factor and the effect of systematic errors. Table VI shows the result of this counting experiment. The most significant n × n bin is for n = 10; the probability for observing 29 or more events given 18.03 expected is 0.01. (This assumes systematic uncertainty on the background.) Thus we conclude that there is no statistically significant excess in the far tails of H T and M reco . GeV. The normalizations of the various sources and distortions of the kinematic distributions due to systematic effects are those corresponding to the maximum likelihood when the cross section for t' is set to its 95% CL upper limit. 
